The monogeneric family Mesaiokeratidae (Copepoda: Calanoida) is exclusively bentho-pelagic and comprises nine small hyperbenthic species. Previous knowledge of these species has been limited to the description of their morphology and habitat. We provide new information about the ecology of Mesaiokeras hurei Kršinić, 2003, one of the small-size species of the family and found only in an isolated marine lake on the southern Adriatic island of Mljet (Croatia). Genetic markers were used to investigate its phylogenetic relationships with other copepods. The abundance of M. hurei abundance was highly variable over the years and seasons sampled. Densities were higher in spring and autumn. It was particularly abundant in 2011, averaging 629 ± 800 individuals/m 3 , and with a maximum of 1971 individuals m −3 in November, but averaged 74 ± 71 individuals/m 3 and 66 ± 71 individuals/m 3 in 2001 and 2008, respectively. Specimens were found in a range of temperatures, from 10.5°C to 18.3°C, but a majority of individuals (67%) was found in the 12-14°C layer. In addition to temperature, oxygen was a significant predictor (p < 0.001) of the vertical micro-distribution of M. hurei. The DNA barcode sequence for the species is reported here for the first time. Analysis of the nuclear small subunit rRNA gene fragment (18S) showed a genetic similarity with representatives of the superfamily Clausocalanoidea.
INTRODUCTION
Most calanoid copepods are planktonic and their biology in most of the world's seas is well known. The first descriptions of benthopelagic calanoid genera date back to the late 19 th and early 20 th centuries (Giesbrecht, 1892; Sars, 1902) . More frequent surveys of the water column just above the seabed over the past decades have led to the discovery of some new hyperbenthic copepods (Markhaseva et al., 2008; Renz et al., 2013; Lim and Min, 2014) . More than half of these belong to the superfamily Clausocalanoidea, which is characterized by high taxonomic diversity and makes up about 63% of the near-bottom genera that inhabit deep and shallow marine waters (Bradford-Grieve, 2004 ). This has resulted in a somewhat confused and unsatisfactory classification of clausocalanoideans and thus the need for a fresh analysis of the evolutionary history of the superfamily as a whole (Markhaseva et al., 2008) .
Among 11 clausocalanoidean families, the monogeneric family Mesaiokeratidae is exclusively bentho-pelagic, showing morphological characters that are similar to those of families Diaixidae and Stephidae (Matthews, 1961; Fosshagen, 1978; Boxshall and Halsey, 2004) .
The first record of Mesaiokeras (M. nanseni Matthews, 1961) was from western Norway from a muddy substrate at a depth of 240 m (Matthews, 1961) . This genus currently comprises nine small-size hyperbenthic species (0.29 to 0.54 mm) found from shallow (20 m) to deep (780 m) coastal waters. Species have been found along the coasts of Colombia and the USA in the western Atlantic; off southwest Africa, Morocco, and Norway in the eastern Atlantic; and in the Arctic (Andronov, 1973 (Andronov, , 1995 Fosshagen, 1978; Schulz and Kwasniewski, 2004) . Compared to other calanoid families, information on the Mesaikoratidae is scarce, being restricted mostly to morphological characteristics and site descriptions. This is probably due to their small size and specific (hyperbenthic) habitat that make them unsuitable for investigation by standard sampling methods.
Mesaiokeras hurei (Kršinić, 2003) , the only representative of the family Mesaiokeratidae reported from the Mediterranean, has been found only in the isolated marine lake of Mljet island in Croatia (southern Adriatic), where it inhabits a very restricted zone from 20 m to the bottom (46 m) (Miloslavić et al., 2015) . By considering specific geological and hydrographic features of the study site, the present work provides additional information about the size, abundance, and fine-scale distribution of M. hurei, with special emphasis on its environmental preferences. A nuclear genetic marker (small-subunit 18S rRNA gene fragments) also has been used to uncover its phylogenetic position and relationships with other members of Clausocalanoidea, as well as other calanoids from different regions of the world. 
METHODS

Site Description
Veliko jezero ("Large Lake") is a seawater lake on the island of Mljet, located off Croatia's southern coast (Fig. 1) . The surface area of the lake is 1.45 km 2 , with a maximum depth of 46 m. The lake is a naturallyformed karstic depression that was filled with seawater during the Holocene ingression of the Adriatic Sea about 5000 years ago (Wunsam et al., 1999) . Mljet island is directly influenced by the incoming Ionian Sea Current (Zore-Armada et al., 1991) . The exchange of southern oligotrophic Adriatic water with Veliko jezero occurs through the Soline Channel (depth 2.5 m, width 10 m) and is mainly driven by tides.
Higher salinity prevails in the upper layers of the lake during late summer and autumn owing to stronger penetration of open-sea water (Miloslavić et al., 2015) . Hydrographic properties of the lake are characterized by strong thermal stratification at 20-25 m during these seasons (Miloslavić et al., 2015) .
The zooplankton community of Veliko jezero has a higher abundance and lower diversity than that of the open sea (Miloslavić et al., 2015) , with small copepods (i.e. Oithona spp., Paracalanus parvus (Claus, 1863) ) and their copepodites numerically dominating. Fine-grained muddy sediments are found in the deeper part of the lake.
Sampling Methods and Analysis
Material was collected during daylight in the deepest part of the lake (46 m) ( Fig. 1 ), mostly monthly, over the four sampling periods (Table 1) . Two sampling methods were used. For estimating population size, vertical hauls were taken with a Nansen opening-closing net (125 μm mesh size, 54 cm opening) from the bottom to 20 m. The net was lifted at about 0.75 m/s. Water samples were collected with a 5 l Niskin bottle at 5 m intervals from 20 m to 40 m to examine the vertical distribution in more detail. In all, 35 net samples and 93 bottle samples were collected. Owing to legal and practical restrictions, no replicate samples were taken. Results must be therefore considered with this sampling limitation in mind. Night-time net samples were taken during particular months to check for any diel vertical migration. Samples were preserved in a buffered 3-4% formalin-seawater solution. Temperature, salinity, and oxygen were recorded using a SeaBird OC25 probe (Sea-Bird Electronics, Bellvue, WA, USA).
Taxonomic identification and counting of net zooplankton were performed under an Olympus SZX16 stereomicroscope at a magnification of 80×. Bottle samples were transferred to plastic containers in the laboratory and left undisturbed for 24 h, after which about 3/4 of the formalin-seawater solution was decanted. The remainder was poured into a glass cylinder (10 cm diameter) and allowed to settle for a further 24 h, after which it was decanted. Samples were counted in a glass cell 7 × 4.5 × 0.5 cm, with an Olympus IMT-2 inverted microscope at magnification of 100× and 200×. Abundance was expressed as the number of total developmental stages and adults per m 3 (net samples) and the number of individuals per liter (bottle samples). From the net samples of September, October, and November 2013, 186 individuals (75 females, 76 males, and 35 copepodites CIV and CV) were isolated and examined. Prosome length and sex ratio were recorded. Body length was measured using the above-mentioned inverted microscope at 200×.
The Mann-Whitney U -test (level of significance = 0.05) was used to test between-year differences in temperature and salinity, spatial and temporal differences in Mesaiokeras hurei densities, and size differences between adult females and males. Pearson's correlation coefficient was calculated to characterize the relationships between different hydrographic parameters and copepod density. Statistical analyses were performed using STATISTICA 7.0 (StatSoft, 2004) . Frequency of occurrence was used to identify detailed relationships between hydrographic parameters and abundance.
Molecular Analysis
Total genomic DNA was extracted from whole individuals with the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer's protocol and then stored at −20°C until the polymerase chain reaction (PCR) was conducted.
Two genes encoding the small nuclear sub-unit ribosomal RNA (18S) and the mitochondrial protein cytochrome-c oxidase sub-unit I (COI) were amplified. Nuclear 18S was amplified with primer pair 1300f-1800r, and COI with primer pair LCO1490-HCOmod (Table 2) .
PCR was carried out with the HotStarTaq Master Mix Kit (Qiagen, Hilden, Germany). PCR reactions was done in a total volume of 25 μl comprised of 2.5 U HotStarTaq DNA Polymerase, 1.5 mM MgCl 2 , 0.2 mM each dNTP, 0.2 μM of each primer, and 0.5 μl of DNA template. PCR runs were set up with the following cycling conditions: initial denaturation at 95°C for 15 min, 40 cycles of 20 s at 94°C, 60 s at 45°C and 30 s at 50°C for COI and 18S, respectively, and 120 s at 72°C. The final extension was carried out for 5 min at 72°C.
Purification and sequencing of PCR products were done by Macrogen Inc. (Seoul, South Korea) with the same primers used for gene amplifications. Purified PCR products were sequenced on an ABI 3730XL DNA Analyzer (Applied Biosystems, Foster City, CA, USA). All sequences were deposited under accession numbers GenBank KT259322, KT259323, and KT259324.
Sequence alignments were done using ClustalW (Thompson et al., 1994) . Resulting alignments were manually checked and edited. Positions with gaps were excluded from analysis. Selection of the best evolutionary model, as well as construction of a phylogenetic tree based on the 18S rRNA sequence using maximum likelihood (ML), neighbor joining (NJ), and maximum parsimony (MP) methods, was made using the Mega 6 software (Tamura et al., 2013) . The Kimura two-parameter model with gamma-distributed evolutionary rates and invariable sites was chosen as the best evolutionary model according to BIC (Bayesian Information Criterion) and AICc (corrected Akaike Information Criterion) criteria. The resulting trees were tested by 1000 bootstrap replicates. The harpacticoids Paramphiascella fulvofasciata Rosenfield and Coull, 1974, and Amphiascoides atopus Lotufo and Fleeger, 1995 , and a cyclopoid Oithona sp., were chosen as outgroops.
RESULTS
Hydrographic Conditions of the Lake Bottom Layers
Temperature variation was highest at 20 m, with a minimum of 10.4°C (February 2008) and a maximum of 23.5°C (September 2011). Temperatures were constantly low (<13°C) below 30 m. Salinity ranged from 37.0h (September 2011, 30 m depth) to 38.9h (January 2001, entire sampling column). Dissolved oxygen typically was lower below 35 m (<2.3 ml/l) during autumn, with a minimum of 0.4 ml/l in November 2001 at 44 m. There were variations in the monthly averages of hydrographic parameters in all investigated years (Table 3) . Temperature was significantly lower in 2008 (p < 0.001) and salinity was significantly lower in 2011 (p < 0.001).
Abundance and Distribution
The number of Mesaiokeras hurei individuals in net samples was highly variable over the years ( Fig. 2A ). Individuals were present during the most of the study periods, except in May 2008, and from August to October of the same year. The maximum (1971 individuals/m 3 ) was recorded in November 2011, a period in which M. hurei contributed 36% to the total number of copepods of the studied layer. That year had also had high mean values for this copepod, 629 ± 800 individuals/m 3 ( Fig. 2A) . In contrast, averages in 2001 and 2008 were a mere 74 ± 71 individuals/m 3 and 66 ± 71 individuals/m 3 , respectively. Although higher abundances were found in spring and late autumn (Fig. 2B) , there were no significant differences between months and seasons. This species was not present above 20 m in night samples. The bulk of the night population always was found within the same depth zone as in daytime samples.
The vertical distribution of females in bottle samples shows a significant preference for the 35 m and 40 m layers (p < 0.001). Highest abundance for males was noted at 35 m (Fig. 3 ). These densities were significantly different from those at 20 and 25 m (p < 0.001). Copepodites were more numerous from 20 m to 30 m (p < 0.001). Only copepodites were found at 20 m. Their maximum of 1.2 individuals/l was in February 2013 during isothermic conditions. There were more females than males, with a sex ratio (F:M) of 0.54:0.46.
Mesaiokeras hurei was found at temperatures of 10.5 to 18.3°C, salinities of 37 to 38.4h, and oxygen concentrations of 1.2 to 5.9 ml/l (Fig. 4A ). Most individuals (67%) were found in the 12-14°C temperature range and the 3-4 ml/l oxygen range (Fig. 4B ). The only significant correlation between density of M. hurei and measured chemical parameters was recorded for oxygen (p < 0.001).
Body Size
The mean prosome length of females, 348 ± 10.9 μm (range 325-370 μm; n = 75), was significantly larger (p < 0.001) than that of males, 329 ± 7.8 μm (range 310-350 μm; n = 76). The prosome length of individuals of indeterminate sex (copepodites stages IV and V) ranged from 250 to 305 μm (287 ± 14.8 μm; n = 35). The female-to-male size ratio was 1:0.943.
Genetic Analysis
A 500 bp region of the nuclear small-subunit 18S rRNA gene was sequenced as the basis for phylogenetic reconstruction of relationships between M. hurei and other copepod genera. The 18S rRNA gene fragment sequences obtained from two individuals were identical. A COI gene fragment sequence was obtained from one individual. All three implemented criteria of phylogenetic reconstruction (ML, NJ, and MS) yielded congruent topologies. The molecular phylogenetic analysis confirmed the affiliation of Mesaiokeras with Clausocalanoidea families (Fig. 5) as a monophyletic branch with bootstrap values of >50%.
DISCUSSION
Zooplankton studies usually underestimate near-bottom populations because of the limitations of conventional sampling gear (Rios-Jara, 1998; Choe and Deibel, 2000) . Plankton nets can adequately sample zooplankton living in the water column, but they simply are unsuitable for collecting zooplankton that live very close to the sediment surface (Lasenby and Sherman, 1991) . Although the first data on the zooplankton in Mljet seawater lake date to the 1950s, Mesaiokeras hurei was absent from these samples (Miloslavić and Lučić, 2015) , likely owing to the large mesh size of the gear (200-333 μm). Kršinić (2003) identified this species in the near-bottom layers of the lake for the first time in March, 2000 using a 53 μm Nansen net and an Adriatic Sampler (Kršinić, 1990) with 125 μm net gauze. His work demonstrated that M. hurei was a permanent member of the zooplankton community of the lake. Based on short-term sampling, Kršinić (2003) reported a low population density of M. hurei, up to 26 individuals/m 3 , which is considerably lower than in the more comprehensive present study.
Data on the ecology of members of Mesaiokeratidae are scarce. According to Fosshagen (1978) , Mesaiokeras nanseni is common along most of the Norwegian coast, which coincides with a region of fairly stable hydrographic conditions throughout the year and well-oxygenated water. Additionally, its optimal salinity is higher than 34h and its optimal temperature is between 5 and 8°C. Mesaiokeras spitsbergensis, the first mesaiokeratid to be reported from the Arctic, inhabits cooler (−1.8 to 3°C) and less saline (34.60-34.95h) water (Schulz and Kwasniewski, 2004) . Hydrographic conditions of Mljet Lake are characterized by strong summer thermal stratification and relatively uniform conditions in the layer above the seabed. The constantly low temperatures of this zone could therefore be expected to be more favorable to M. hurei, a species in an otherwise boreal genus. Although the preference for cooler water is obvious, the presence of M. hurei at higher temperatures (18.3°C) was noted. This is the consequence of the episodic thermocline sinking to 25 m in October. Some hyperbenthic copepods are adapted to conditions of low oxygen content. Strömgren (1969) , for example, found 2000 specimens of Stephos rustadi Strömgren, 1969 , exclusively in areas with less than 1.1 ml O 2 /l. Thus, like S. rustadi, adaptation to low oxygen could explain the occasional dominance of M. hurei over other copepods in the area. Copepods generally are opportunistic particle feeders, with higher consumption rates on the most abundant particles (Calbet et al., 2000) . Motwani and Gorokhova (2013) suggest that picoplankton could be an important component of a copepod's diet, even those of the large "meso-size" fraction. Although we have no evidence, given its small size, it is reasonable to speculate that M. hurei could feed on pico-and nano-sized particles, perhaps including the abundant heterotrophic bacteria and cyanobacteria that have consistently higher values below the thermocline (Malej et al., 2007; Turk et al., 2008; Hrustić et al., 2013) . Permanently high numbers of the carnivorous chaetognath Parasagitta setosa (Müller, 1847) (cf. Miloslavić et al., 2015) and the scyphomedusan Aurelia sp. 5 (Malej et al., 2007) could be an important regulator of the abundance of M. hurei in the bottom layers.
In terms of morphology, both sexes of M. hurei have 21 free antennule segments, which is less than in other representatives of the family (Fosshagen, 1978) . This fusion of the distal segments suggests that M. hurei, owing to fusion of the last segments, could be the most derived representatives of Mesaiokeratidae (Kršinić, 2003) . Recorded lengths of females and males in our study were slightly lower than those found by Kršinić (2003) . This might be because of the different seasons. Kršinić (2003) examined 17 females and 7 males in March, while our measurements included a higher number of specimens sampled in autumn.
Mesaiokeras hurei, together with M. tantillus Andronov, 1973 (South Atlantic) , is the smallest species of this genus, while the Arctic species M. spitsbergensis is markedly larger (female 880-1050 μm, male 940-1010 μm). The estimated sexual size ratio of 1:0.943 (female:male) in M. hurei is close to that of other Mesiaokeratidae (1:0.973) (Razouls et al., 2005 (Razouls et al., -2015 .
Molecular analysis confirmed that the genus Mesaiokeras is part of the superfamily Clausocalanoidea and that M. hurei appears as a well-supported monophyletic clade within it. The genes encoding for 18S rRNA typically evolve at a slow evolutionary rate, which makes them good markers for resolving phylogenetic relationships at higher taxonomic levels (Figueroa, 2011; Ueda et al., 2011) . The mitochondrial gene COI, however, is fast-evolving and commonly used to separate closely related species including recently-diverged copepod species (e.g., Thum and Harrison, 2009 ). There are unfortunately no sequences of other species of Mesaiokeras available for comparison. The sequence we obtained for M. hurei has been deposited in GeneBank as data that should prove useful in future studies.
Compared to deep-sea bentho-pelagic calanoids, coastal marine species are better known taxonomically. This is especially true in the Mediterranean Sea, where new benthopelagic species of Pseudocyclops, Metacalanus, Stephos, and Ridgewayia have been recorded recently (e.g., Razouls and Carola, 1996; Campolmi et al., 1999; Constanzo et al., 2000; Zagami et al., 2005) . These copepods inhabit shal- low coastal brackish lakes, lagoons, and submarine caves over bottoms characterized by muddy terrigenous sediments. Following separate evolutionary lineages, they constitute the current hyperbenthic copepod fauna of the Mediterranean. Among them are relict taxa, such as Pseudocyclops and Ridgewayia, which have existed here since the Tethys Sea (Razouls and Carola, 1996; Ohtsuka et al., 1999) . Unlike them, Mesaiokeras (together with, e.g., Stephos, Paramisophria, and Metacalanus) probably migrated recently from the Atlantic into the Mediterranean. Consider-ing its geological history, the colonization of Mljet's seawater lake likely occurred not earlier than 5000 years ago. This raises important questions about the dispersal pathways of Mesaiokeras and the need for future research.
Information about the developmental stages, biological cycles, and food-web relationships of M. hurei, all of which will clarify its ecological role, are currently lacking. More extensive ecological and molecular analysis of other species of Mesaiokeras is needed for a better understanding of their population connectivity, genetic relationships, and elucidation of their geographical distribution.
